The geometry of diesel injector nozzles is known to significantly affect the characteristic spray behavior and emissions formation. In this paper, a novel nozzle concept, consisting of orifices with a convergent-divergent shape, is investigated through Computational Fluid Dynamics techniques. Three of these nozzles, characterized by different degrees of conicity, are compared to a nozzle with cylindrical orifices, which acts as a baseline. A homogeneous equilibrium model, validated against experimental data in previous works by the authors, is used to calculate the eventual cavitation formation inside these orifices. Additionally, the characteristics of the flow at the orifice outlet are analyzed for the four aforementioned nozzles in terms of their steady-state mass flow, effective outlet velocity and area coefficient. The results show that convergent-divergent nozzles exhibit a high cavitation intensity, located in the transition between the convergent and the divergent sections. This high cavitation intensity tends to compensate for the expected velocity decrease induced by the divergent shape, producing effective velocity values similar to those achieved by the cylindrical nozzle in many of the simulated conditions. The characteristics of the flow, together with the higher spray opening angles expected due to the divergent section of the nozzle, may improve atomization and fuel-air mixing processes.
Introduction
In recent years, the implementation of new regulations has driven a continuous optimization of engine technology in order to cope with the reduction of tailpipe emissions. 1 In the particular case of diesel engines, where combustion efficiencies are high, the main concern is with NO x and particulate matter (soot) emissions. Two main research paths have been pursued: on the one hand, aftertreatment systems combining a diesel particulate filter (DPF) and, at least, one de-NO x component (such as selective catalytic reduction, SCR, or lean NO x trap, LNT) have become mainstream for diesel automotive applications. 2 On the other hand, a significant effort has also been made to lower engine-out emissions. In this sense, exhaust gas recirculation (EGR) has proven to be able to reduce NO x emissions, but at the expense of increasing soot, unless combined with extreme levels of intake pressure. [3] [4] [5] Thus, an evolution of the fuel injection system, aiming to improve spray atomization and fuel-air mixing, is necessary to compensate for this increase and enable high EGR levels.
Many studies have shown that the injector nozzle geometry and its internal flow characteristics play a significant role on the spray formation and combustion. [6] [7] [8] [9] [10] [11] [12] [13] [14] Traditionally, internal flow characteristics have been deduced from measurements of the flow characteristics at the nozzle outlet. [15] [16] [17] Cavitation inside the nozzle was identified as a critical phenomenon, inducing a decrease in the flow capacity of the nozzle, but also an increase in the spray outlet effective velocity. 18 The appearance of cavitation has also been linked to an enhancement of the atomization process and fuel-air mixing, 19 inducing higher spray opening angles. [20] [21] [22] Several authors have also performed visualization studies on transparent nozzles, [23] [24] [25] [26] with the aim to better understand the details of the cavitation structures and their dependence on the nozzle geometry and operating conditions. Unfortunately, most of these studies are performed in scaled-up or simplified nozzles, 20, [24] [25] [26] [27] due to difficulties associated with both the manufacturing and optical arrangement in realistic geometries. For this reason, computational fluid dynamics (CFD) tools have been developed as a methodology to obtain detailed characteristics of the internal flow features. [28] [29] [30] [31] [32] [33] [34] In the current paper, a novel diesel nozzle concept including orifices with convergent-divergent shape is evaluated using CFD simulations. In this case, the divergent section is expected to induce velocity profiles at the nozzle outlet with a significant radial component, increasing the spray opening angle and fuel-air mixing processes compared to traditional cylindrical or tapered orifices. A larger spray angle would imply, on the one hand, leaner local equivalence ratios, with the subsequent expected reduction in soot formation, and on the other hand, the possibility to develop the spray combustion closer to the nozzle tip, reducing heat transfer losses to the combustion chamber walls. Taskiran and Ergeneman provided evidence for this behavior on a nozzle with divergent orifices, 35 with a reduction in liquid length and lift-off length. Nevertheless, purely divergent orifices act as a diffuser, so lower outlet velocities are expected, with a negative impact on spray atomization. 36 A homogeneous equilibrium model (HEM), previously validated, [37] [38] [39] is used to calculate the eventual appearance of hydrodynamic cavitation inside these nozzles.
The paper is divided into four sections. In the 'Numerical simulations description' section, the basics of the numerical approach used along the paper will be described. The 'Results' section will go through the analysis of the internal flow characteristics for a total of four nozzle geometries, including one cylindrical and the other three with convergent-divergent shape at different degrees of conicity. Finally, the main conclusions obtained out of the study will be summarized in the 'Conclusions' section.
Numerical simulations description
In this section, the most significant aspects of the model implemented in OpenFoam and used along the paper, together with a description of the specific nozzle geometries studied, are summarized. More details of the specifics of the computational models can be obtained in previous publications by the authors. 33, [38] [39] [40] Homogeneous equilibrium model
In the previous works available in the literature, 30, 33, 40 the HEM approach has been shown to be suitable for studying cavitation phenomena in diesel injectors, due to the combination of high pressure and velocity gradients inside the flow. Compared to other models available in the literature, which track the formation and growth of cavitation bubbles, HEM assumes a full mixture of vapor and liquid phases inside each cell of the domain. The density of this mixture is computed using the following barotropic equation of state ∂r t; Pðx; tÞ ð Þ ∂P
Once the mixture density is known, the amount of vapor present on each cell can be calculated using the concept of void fraction g as g = max min r À r l;sat r v;sat À r l;sat ; 1
The major physical properties of the mixture (compressibility, density and viscosity) are derived from the values corresponding to pure liquid and vapor conditions using linear models
Continuity and momentum conservation equations are discretized using in both cases Euler schemes for the temporal derivatives, and Gauss upwind schemes for the divergence terms.
Turbulence model
The simulations performed along the paper are based on a Reynolds average Navier-Stokes (RANS) approach, which has been shown to provide a good representation of the average flow fields at limited computational cost. In particular, a re-normalization group (RNG) k À e model has been implemented. This choice has been done attending to the flow characteristics inside diesel injector nozzles, as follows: first the wide range of injection pressures currently used in diesel applications (from 30 MPa to around 200 MPa) implies a significant range in operating Reynolds numbers in the nozzle. Second, the small size of the nozzle orifices may result in the near wall effects having a significant influence on the overall flow characteristics. Finally, the flow in multi-hole diesel injectors suffers from aggressive changes in direction, generating flow detachment and recirculation regions. All of these characteristics are typically better represented with RNG k À e models compared to standard k À e or k À v methods. The suitability of this approach has additionally been validated against experimental data in previous studies.
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Nozzle geometries
Four different nozzle geometries have been computed for this study. The first one corresponds to a cylindrical orifice. The other three are convergent-divergent nozzles (see the schematic given in Figure 1 (a)) with different levels of conicity, characterized by taper angles of 0.5, 2.5 and 3.5 degrees, equal for both the convergent and divergent sections. As a consequence, the nozzles show different values of the so-called kfactor, defined as
As stated before, the same level of conicity has been used for the convergent and divergent sections, so the absolute value of the k-factor is also equal. This implies a positive k-factor for the convergent section, and a negative k-factor for the divergent one.
The transition between the convergent and divergent regions always takes place at the middle of the orifice length (0.8 mm). Additionally, the nozzle geometries have been constructed so that the orifice diameter at this throttle/transition section ðD m Þ is maintained equal to the outlet diameter of the cylindrical nozzle. The representative diameters and conicity values for each of the nozzles are summarized in Table 1 . Other geometrical parameters of the nozzles are maintained as constant for all of the nozzles. In particular, the inclination of the orifices with respect to the injector axis is 72.5°, and the rounding radius at the orifice inlet is 0.025 mm.
Mesh topology and boundary conditions
For all of the geometries studied, the mesh has been generated using hexahedral cells, trying to maintain a uniform and structured distribution of these cells along the computational domain. The cell size has also been adapted according to the flow characteristics inside each region. A mesh sensitivity study has been done to select the most appropriate cell size ( Figure 2 ). From this study, the configuration of approximately 377,000 cells has been selected. For the needle seat and sac volume, typically characterized by low velocity and organized flow, a uniform size of 22.5 mm has been used. Inside the nozzle orifices, where the maximum velocities are reached, the cell size has been reduced to around 7 mm. Additionally, the mesh has been refined up to a cell size of 1.15 mm at the walls of these orifices, in order to properly capture the wall effects and flow detachment. The dimensionless distance y + goes from a range of 1 to 5 inside the orifice, to approximately 5 to 15 in the other walls of the domain. A sketch of the mesh topology can be seen in Figure 1(b) .
All of the geometries in the study represent a six-hole nozzle. In order to reduce the computational effort, a sector-symmetric simulation representing only one of these six orifices has been calculated. This simplification can be assumed as reasonable for symmetric injectors operating at high needle lifts, where most of the flow comes from the needle seat region, and threedimensional phenomena appearing in the sac volume are less significant. As a consequence of this simplification, symmetry-plane boundary conditions are used in the lateral planes. A fixed pressure condition is used for the inlet section of the nozzle. For the orifice outlet, a mean pressure boundary condition has been selected in order to allow low-pressure values associated to the eventual arrival of cavitation to the outlet section. For all of the walls, a non-slip condition is selected for the velocity.
During the simulations, three levels of injection pressure (40, 120 and 200 MPa) are calculated, with up to 13 values of backpressure in a range from 0.1 to 12 MPa. This has been done in order to properly study the eventual transition from a cavitating to a noncavitating regime inside the nozzle orifices.
Validation
The current simulation arrangement has been validated against experimental mass flow measurements for the cylindrical geometry in Figure 3 . As can be seen, the CFD methodology is able to capture the overall behavior of the mass flow for both low (40 MPa) and high (200 MPa) injection pressures, with a maximum deviation of approximately 5%. This deviation can be explained in terms of small uncertainties in the nozzle geometry determination (especially in aspects like the inlet rounding radii or the surface finish quality), as well as potential changes to the liquid properties due to compressibility or thermal effects, which are not currently considered. Additionally, in the case of P in = 40 MPa, the model is able to properly reproduce the transition point where mass flow choking induced by cavitation appears. Figure 4 shows the results from all of the calculations against the square root of the pressure difference between the injection pressure ðP in Þ and the backpressure ðP b Þ. In this figure, each cloud of points corresponds to a level of the injection pressure, while different symbols are used for each nozzle geometry.
Results
Hydraulic characteristics
Looking at the results from the cylindrical nozzle (CD-0.0, circular symbols) and with an injection pressure of 40 MPa, two distinctive regions can be identified. For low DP = P in À P b values (i.e. high P b ), the mass flow out of the nozzle grows linearly with the square ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
root of this pressure difference. At a certain backpressure value (called the critical condition), the mass flow collapses in a single value. This behavior is associated in the literature with the appearance of cavitation. 15, 34, 39 Comparing the results of the different nozzles at this same 40 MPa injection pressure level, two main conclusions can be drawn. First, that the higher the conicity of the orifices, the larger the amount of flow delivered. This is due to the way the orifice geometries are constructed. As stated before, the nozzles are constructed so that the value in the throttle section is equal for all of the nozzles. This means that the outlet diameter of the orifice grows together with its k-factor. The other important aspect is that the geometries with a higher kfactor are also more prone to cavitate, since the critical condition is achieved at smaller P in À P b values. This is contrary to what occurs with standard convergent nozzles, where higher degrees of conicity imply a smaller probability to cavitate.
When the injection pressure increases (120, 200 MPa), all the geometries show cavitating behavior in the mass flow rate for all of the backpressure values simulated. The only difference noticed among the nozzles is regarding the mass flow value, which is linked to the outlet diameter, as previously stated. Figure 5 shows the void fraction fields inside the nozzle for two different operating conditions. For each nozzle and condition, two planes have been represented: one corresponding to the transverse section at the middle of the orifice, and another one perpendicular to it.
The condition on the left-hand side ðP in = 40 MPa À P b = 9 MPaÞ corresponds to a backpressure slightly lower than the critical conditions for the cylindrical nozzle (CD-0.0). On the right-hand side, a condition of extreme cavitation ðP in = 200 MPa À P b = 1 MPaÞ is represented. It can be observed that the region where cavitation is produced depends on the specific orifice geometry.
1. Cylindrical nozzle (CD-0.0). In this case, it can be seen that cavitation starts forming at the upper side of the orifice inlet, as a consequence of the flow bending from the needle seat section. As the conditions become more favorable to cavitation, the area occupied by vapor enlarges, reaching the orifice outlet. 2. Low-conicity nozzle (CD-0.5). The small level of conicity helps to reduce the length and intensity of the cavitation region, but the overall flow characteristics remain very similar to the cylindrical nozzle ones. 3. High conicity nozzles (CD-2.5 & CD-3.5). The cavitation formation at the orifice inlet disappears, which is consistent with observations available in the literature for convergent nozzles. 15, 34 Nevertheless, cavitation is now induced close to the throttle section, between the convergent and the divergent portions of the orifice. At this point, creating the low-pressure conditions that are responsible for hydrodynamic cavitation occurrence. This new cavitation region is the one responsible for the mass flow collapse observed in Figure 4 for the high k-factor geometries. The intensity of this flow separation and consequent cavitation formation is generally more intense in the bottom side of the orifice. This can be observed from the CD-2.5 orifice results, where no cavitation can be detected in the upper side, while the bottom and middle sections show significant cavitation formation.
This behavior is more clearly seen in Figure 6 , where the liquid flow velocity vectors are depicted for the P in = 200 MPa À P b = 1 MPa condition. In the case of the cylindrical nozzle, the vectors show a recirculation zone (low velocity area) in the upper section of the orifice inlet, which is linked to the cavitation formation previously observed. In the rest of the orifice, and in particular close to its outlet, most of the flow is parallel to the orifice axis.
In the case of the high conicity nozzle (CD-3.5), the recirculation areas can be identified starting from the throttle section, with a higher intensity at the bottom side, which explains the results obtained in terms of void fraction. This is due to the fact that the inlet upper corner creates some level of flow separation, similar to what has been discussed for the cylindrical nozzle, but to a lower extent. As a consequence of this separation, the flow arrives to the bottom of the throttle section in a less structured fashion, slightly reducing the intensity of the recirculation after the throttle. At the outlet section, the core of the flow occupies the central area of the orifice, although the flow starts showing some tendency to also reach the external sides of the orifice.
The same results are depicted in terms of the nozzle discharge coefficient in Figure 7 . What can be observed is that the cylindrical and low k-factor nozzles (CD-0.0 and CD-0.5) are characterized by a high discharge coefficient (around 0.93) for the conditions at which cavitation does not take place. When the DP increases, a mass flow collapse induced by cavitation appears, and as a consequence the discharge coefficient drops significantly.
The nozzles with a higher k-factor (CD-2.5 and CD-3.5) are generally showing lower discharge coefficient compared to the low k-factor ones. This behavior is due to two phenomena. On the one hand, the recirculation zones appearing in the throttle section are the source of a pressure drop inside the orifice, which is not appearing on the low k-factor cases. On the other hand, the higher intensity of cavitation already seen for these nozzles, and the mass flow rate collapse associated to it, further reduces the nozzle flow capability.
One important parameter for the spray atomization and mixing processes is the effective velocity at the nozzle outlet ðu eff Þ. This parameter can be obtained as the ratio between the integrated momentum flux and mass flow rate at the nozzle outlet
Figure 8 depicts this effective velocity against the square root of the pressure difference DP for a 40 MPa injection pressure. For low values of DP, the nozzles with higher conicity exhibit lower values of effective velocity. This behavior is due to the effect of the divergent section, which acts as a diffuser, reducing the local velocity fields. Nevertheless, as the pressure difference increases, the cavitation region observed after the throttle section for the convergent-divergent nozzles virtually confines the core of the flow into the central section, and the effective velocity values become more and more similar to those observed for the cylindrical nozzle. The same kind of behavior can be observed in Figure 9 for a 200 MPa injection pressure, where the effective outlet velocity even becomes slightly higher for the highest conicity nozzle. Figure 10 shows the values of the area coeficient C a as a function of the square root of DP for P in = 40 MPa. The area coefficient can be calculated from the effective velocity and the discharge coefficient using the following relationships
It can be seen in Figure 10 that for all nozzles the area coefficient is close to the unity when cavitation does not take place. Then, as cavitation builds up, there is a portion of the outlet section that is not properly used for fuel delivery due to the presence of cavitation bubbles, and C a drops significantly. Since higher conicity nozzles start showing cavitation phenomena for lower DP, the drop in C a is more appreciable. Nevertheless, it seems that the decreasing slope of C a vs ffiffiffiffiffiffi ffi DP p is similar for all nozzles. This indicates that the area coefficient decrease is related to the amount of vapor that is formed inside the nozzle, and not so much to its spacial distribution inside it.
In the P in = 200 MPa case, shown in Figure 11 , the conditions are such that the cavitation reaches the nozzle outlet for any backpressure value, and the influence of P b on the area coefficient becomes almost negligible. In this case, there is a perfect scaling with the orifice k-factor.
Considerations of spray characteristics
From the internal nozzle flow CFD results, the hydraulic behavior of convergent-divergent nozzles can be summarized as follows.
1. Flow separation at the throttle section, which induces cavitation formation in this region at lower DP values compared to the cylindrical nozzle. As a consequence, the amount of vapor formed at the same pressure conditions is higher for this kind of nozzle. 2. A lower stationary discharge coefficient, induced by the flow separation and the higher intensity of cavitation. 3. Equivalent effective outlet velocities if the pressure drop along the orifice is sufficiently high, since the diffusive effect of the nozzle geometry is compensated by the increase induced by the more significant appearance of cavitation.
Taking into account these flow characteristics, the sprays originated from convergent-divergent nozzles are expected to have the following characteristics compared to cylindrical nozzles.
1. Equivalent or more efficient spray atomization, as a consequence of the combination of similar outlet velocities and a higher cavitation intensity, which is known to improve atomization due to the flow Figure 10 . Evolution of the area coefficient vs. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
disruption originated when the cavitation bubbles collapse at the outlet orifice. 19, 42 2. Wider spray opening angle (better fuel-air mixing), as a consequence of the radial velocity component associated with the divergent section plus the effect of cavitation, which is also known to increase spray opening angles. 19, 20, 37 3. Reduced spray liquid length and lower overall local equivalence ratios, with potential for soot formation reduction.
With all of these considered, convergent-divergent nozzles show some potential advantages in spray formation and mixing processes. Nevertheless, these aspects need to be further investigated and eventually confirmed with experimental spray combustion visualization tests.
Conclusions
In the current paper, a computational investigation of the hydraulic performance of diesel nozzles with convergent-divergent orifices has been performed. For this purpose, a HEM, implemented in OpenFoam, has been used to predict cavitation formation.
The main conclusions from this investigation are as follows.
1. Mass flow rate collapse induced by cavitation in convergent-divergent nozzles appears at lower DP values compared to an equivalent cylindrical nozzle. This is opposite to the behavior observed in the literature from purely convergent nozzles, where mass flow collapse induced by cavitation is delayed or even totally inhibited. 2. Cylindrical nozzles and convergent-divergent nozzles with a low k-factor show cavitation formation at the orifice inlet, generated when the flow needs to bend along the sharp edges formed among the needle seat and the orifices themselves by the bent induced when the flow passes from the needle seat area to the orifice. High k-factor convergentdivergent nozzles do not present cavitation in this area, as it would be expected from experience with convergent nozzles. Nevertheless, a flow separation region appears at the transition between the convergent and divergent portions of the orifice. This flow separation is responsible for the cavitation formation in convergent-divergent nozzles, and the subsequent mass flow collapse. 3. The effective outlet velocity of convergentdivergent nozzles is smaller at low DP values, due to the effect of the divergent section. Nevertheless, when DP gets higher and cavitation intensity increases, there is an associated velocity increase, reaching equivalent or even higher effective velocities than the cylindrical nozzle for the high k-factor cases.
4. The effective outlet area is close to unity for all of the nozzles when cavitation does not take place, dropping significantly when it appears. The slope of this decrease against ffiffiffiffiffiffi ffi DP p is similar for the cylindrical and the convergent-divergent nozzles, showing that this parameter is more sensitive to the amount of cavitation formed than to the location of this cavitation. 5. From the hydraulic behavior of these nozzles, equivalent or better spray atomization efficiency and a lower liquid length can be expected from convergent-divergent nozzles compared to cylindrical nozzles. This is due to the combination of the equivalent outlet velocities, the higher radial velocity component at the outlet orifices provided by the divergent section and the higher cavitation intensity, increasing both the atomization efficiency and spray opening angle.
